A method for achieving continuous high precision measurements of atmospheric O 2 is presented based on a commercially available fuel-cell instrument, (Sable Systems, Oxzilla FC-II) with a precision of 7 per meg (approximately equivalent to 1.2 ppm) for a 6-min measurement. The Oxzilla was deployed on two voyages in the Western Pacific sector of the Southern Ocean, in February 2003 and in April 2004, making these the second set of continuous O 2 measurements ever made from a ship. The results show significant temporal variation in O 2 , in the order of ±10 per meg over 6-hourly time intervals, and substantial spatial variation. Data from both voyages show an O 2 maximum centred on 50 • S, which is most likely to be the result of biologically driven O 2 outgassing in the region of subtropical convergence around New Zealand, and a decreasing O 2 trend towards Antarctica. O 2 from the ship-based measurements is elevated compared with measurements from the Scripps Institution of Oceanography flask-sampling network, and the O 2 maximum is also not captured in the network observations. This preliminary study shows that ship-based continuous measurements are a valuable addition to current fixed site sampling programmes for the understanding of ocean-atmosphere O 2 exchange processes.
Introduction
Atmospheric O 2 , when measured concurrently with CO 2 , is an excellent tracer for ocean-atmosphere and land-atmosphere exchanges of carbon, regionally as well as globally. For example, O 2 measurements are used to partition carbon uptake between the land and ocean (e.g. Bender et al., 1996; Keeling et al., 1996; Keeling and Garcia, 2002; Manning and Keeling, 2006) and have been used to estimate ocean net biological production (Keeling and Shertz, 1992; Bender et al., 1996) . The use of O 2 and CO 2 as a tracer is succinctly defined in the term, Atmospheric Potential Oxygen (APO), which is insensitive to terrestrial O 2 and CO 2 exchange, and hence largely reflects the changes in O 2 and CO 2 due to ocean fluxes (although fossil fuel burning also makes a small contribution) (Stephens et al., 1998) . APO can be expressed as:
where α B represents the average −O 2 :CO 2 molar exchange for terrestrial ecosystems, and is quoted to be about 1.1 based on measurements by Severinghaus (1995) (APO is defined here with α B as a positive number according to convention, however, in the rest of paper we use O 2 :CO 2 (instead of −O 2 :CO 2 ) when discussing changes in O 2 and CO 2 because this ratio can be negative, for example for terrestrial ecosystem exchanges, or positive, for example for thermally driven air-sea gas exchanges). APO is particularly useful in determining spatial and temporal patterns of ocean O 2 and CO 2 transport, uptake and outgassing (e.g. Stephens et al., 1998; Gruber et al., 2001; Battle et al., 2006) . The Southern Ocean is particularly important for air-sea gas exchange of O 2 and CO 2 owing to the exposure of deep-water to the surface in this region, which results in ocean-atmosphere gradients in temperature and partial pressure, and hence large O 2 and CO 2 fluxes. Furthermore, this region has highly seasonal biological activity leading to additional seasonally varying biologically driven fluxes. Despite the importance of the Southern Ocean to global O 2 and CO 2 air-sea gas exchange, O 2 data in this region are sparse. Current flask sampling networks only include seven stations in the Southern Hemisphere, of which only five are in the region of the Southern Ocean. Furthermore, flask samples, at the usual frequency of collection of once every 1-2 weeks, cannot capture short-term synoptic variability, and therefore are not well suited to studies of exchange processes. To better understand these processes, and to improve the spatial coverage of O 2 measurements in the Southern Ocean region, ship-based measurements are needed.
The reason for the paucity of O 2 data is in part due to the considerable challenge of developing methods to measure O 2 to a level of precision sufficient to detect long-term background variations, that is, in the order of 2 ppm per year. Although the absolute changes in atmospheric O 2 are comparable to those of CO 2 , they must be determined against a background concentration of about 20.9% (i.e. 209 000 ppm), therefore, sensitive instruments and rigorous gas handling techniques are required to detect these relatively small changes. Currently employed methods include an interferometric technique (Keeling, 1988b) , a technique based on mass spectrometry (Bender et al., 1994) , a gas chromatographic technique (Tohjima, 2000) , a technique using a paramagnetic analyser (Manning et al., 1999) , an optical technique using vacuum ultraviolet absorption (VUV) (Stephens et al., 2003) and a fuel cell technique (Stephens et al., 2007) .
To date, the only reported continuous ship-based atmospheric O 2 measurements have been made using a VUV analyser (Stephens, 1999; Stephens et al., 2003) . Although these are the only published continuous ship-based observations, flask samples have also been collected from ships for subsequent O 2 analysis. The ship-based flask-sampling record was started in 1996 by Princeton University, U.S., using ships sailing in the Pacific Ocean with samples collected between 30
• N and 30
• S, and in 2001 a second record was started by the National Institute for Environmental Studies, Japan, between Japan and Australia, and Japan and the United States, but neither record covers the region of the Southern Ocean south of 40 • S (Tohjima et al., 2005; Battle et al., 2006) . In this paper, we present the design and development of a fuel cell method for continuous measurements of atmospheric O 2 from onboard a ship. O 2 is measured using a modified commercially available fuel cell instrument (Oxzilla FC-II), and CO 2 is measured using a commercially available non-dispersive infrared analyser (LICOR 6252). The Oxzilla was first adapted for high precision atmospheric O 2 measurements for a land-based site by the National Oceanic and Atmospheric Administration Global Monitoring Division (NOAA-GMD) in 2000 (Stephens et al., 2007) , however, in this paper we focus on the description of the gas handling technique for a ship-based system, followed by calibration procedures and calculations in Section 2, and results from our two voyages in the Pacific sector of the Southern Ocean are presented in Section 3.
Measurement method

Operating principle of the O 2 analyser
The O 2 analyser is a modification of a commercially available instrument from Sable Systems (model, Oxzilla FC-II). At the heart of this analyser are two weak-acid electrolyte O 2 sensors, (Maxtec, MAX-250) consisting of a lead anode and a gold cathode. Air is allowed to permeate onto the cathode through a gas-porous membrane that is bonded to it; O 2 is reduced at the cathode producing a current proportional to the partial pressure of O 2 at the surface of the membrane, while lead is oxidized at the anode (the overall equation is shown in eq. 2).
The presence of the acid-electrolyte has two advantages: first, the detection of O 2 is unaffected by the presence of CO 2 , CO, SO 2 and NO x , which interfere with measurements in conventional cells, and second, the acid has a higher capacity to absorb PbO (a by-product of the redox reaction) with the result of increasing the cell lifetime. Because the O 2 measurement is based on partial pressure, it is affected by changes in the sample and barometric pressures. The signal output is linearly proportional to the resultant partial pressure of O 2 , and may therefore be corrected using a simple linear relationship (eq. 3) where S m is the measured output at pressure, P, and S t is the standardized output signal at 1013 mbar.
The sensor responds to step changes in partial pressure by reaching 97% of the final value within a maximum of 25 s. Because the changes in O 2 partial pressure to be detected are in the order of 1 in 10 6 , changes in the partial pressure of other gas species will significantly alter the O 2 measurement, therefore, O 2 concentrations are reported on a relative scale (Keeling and Shertz, 1992) . This scale is calculated as the change in the ratio of O 2 to N 2 relative to a standard O 2 to N 2 ratio (see eq. 4) and changes in this ratio, δ(O 2 /N 2 ), are expressed in 'per meg' units (Keeling and Shertz, 1992) .
Description of the gas handling system
To achieve high accuracy in O 2 measurements, a number of important gas handling effects needed to be taken into account, particularly, molecular fractionation and absorption. Keeling et al., 1998 Keeling et al., , 2007 Manning, 2001; Langenfelds et al., 2005) . In environments with varying temperature, pressure or humidity, O 2 has been observed to accumulate preferentially in regions with lower temperature, higher pressure, or higher absolute humidity (e.g. Chapman and Cowling, 1970; Keeling et al., 1998) . Another potential fractionation mechanism, known as Knudsen diffusion, is flow through any small orifice, such as a leak, with a diameter less than that of the mean-free path between molecular collisions (Dushman, 1962) . The molecular flow is proportional to the partial pressure drop through the orifice and the molecular velocity, which varies inversely with the square root of the molecular weight (Dushman, 1962) . The ratio of O 2 to N 2 escaping through an orifice with a large pressure drop is therefore (28/32) 1/2 = 0.935 times smaller than the ratio upstream of the orifice. For example, a leak that leads to a loss of 0.1% of the sample could potentially enrich the sample by 65 per meg. The mechanisms of diffusive separation are also manifest at 'T'-junctions, where an incoming flow divides into two branches, and is most likely to occur when a temperature or pressure gradient exists across the branches (Manning, 2001) . To avoid fractionation effects, the gas handling system was designed to be free of 'T'-junctions, and to minimize problems of absorption and permeation of gases, plastic was avoided on all surfaces in contact with the air sample. For this reason, the Oxzilla and LICOR were also modified so that all plastic tubing and fittings were replaced with 1 / 8 -inch stainless steel tubing and fittings (we also removed the aluminium coil of tubing inside the Oxzilla, which was used for heat transfer, as it was subsequently redundant). Leaks were also originally a problem with the Oxzilla, particularly where the fuel cells were mounted on an aluminium block that connected them to the airlines. This was solved by fine-polishing the aluminium surface in contact with the cells and by using Teflon grease to improve the seal of the cells' o-ring to this surface. By making these simple modifications to the Oxzilla we were able to improve on the stated precision (of approximately 10 ppm) to achieve a precision of 1.2 ppm (equivalent to approximately 7 per meg) over a 6-min averaging interval.
The gas handling system used is shown in Fig. 1 . The presence of two cells in the Oxzilla means that the analyser can be used differentially, that is, O 2 can be measured as the difference in partial pressure as measured by each cell. Sample air was pumped continuously from the air inlet (for the ship-board measurements, this was mounted at the crow's nest) and through the gas handling system at a flow rate of approximately 100 mL min −1 . At the air inlet, 7-μm filters were used to filter out large aerosol particles.
Tellus (2007) Two air-inlet lines (of Dekabon tubing, 1 / 2 -inch diameter) were available for use, one being only used as a back up in case the other became blocked or contaminated.
The gas handling, that is, drying the air, controlling the pressure and flow-rate, and the analyses, were made in an airconditioned laboratory on-board the ship. Here, the air was first dried through a glass trap (250 cm 3 ) filled with glass beads (Pyrex, 2 mm), resulting in a remaining air volume of approximately 120 cm 3 , and which was cooled to 3
• C using a small refrigerator. We chose to dry the air before it passed through the pumps to avoid moisture accumulating in the pumps and therefore prolonging the time before requiring maintenance. Diaphragm pumps (KNF Neuberger, model N05), which have been shown not to produce artefacts in analysis for either O 2 or CO 2 (Manning, 2001) , were used to draw air through the airlines. The air was then further dried through a second glass trap (also at 3
• C) and since the air is now at higher pressure, more water will condense. Condensed water was removed from the traps using peristaltic pumps at a flowrate of approximately 1 mL min −1 that provided a constant air lock between the trap and outside air with minimal loss of the sample air. After the second trap, a pressure regulator (VICI, model PR50) was used in each airline for coarse pressure control. After this point, one airline was selected for analysis with a four-way valve (V1, Numatech, TM-series), and the other was vented to the room (point F1). A second four-way valve (V2) was then used to select between sample air and calibration gas, and when sample air was not being sampled, it was also vented to the room (point F3). By maintaining a continuous flow of air at the same flow rate, we could avoid long re-equilibration times required for steady-state to be re-established inside the airlines coming from the inlet on the crow's nest. Before a calibration gas was passed through the analysers, it was purged through point F2 to flush the line and the cylinder regulator. Air and calibration gas were further dried using a stainless steel trap (150 cm 3 ) filled with glass beads that was cooled to −80
• C with a cryogenic cooler (FTS Kinetics, VT490D) to achieve a water content of approximately 2 ppm. Filling the traps with beads served the purpose of reducing the volume of air inside the trap (the remaining volume is approximately 70 cm 3 ). Normally a gradient in the O 2 /N 2 ratio exists from inside the trap (at −80
• C) to the exit (at approximately 20 • C) owing to thermal diffusion, but under steady flow and pressure conditions the O 2 /N 2 ratio of air passing through the trap is not affected (Severinghaus et al., 1996; Manning, 2001 ). However, a pressure pulse caused, for example, by switching between air and calibration gas disrupts this steady-state sending a pulse of high O 2 /N 2 air to the analyser. By reducing the air volume inside the trap, the time for re-establishing steady-state is also reduced. Because both analysers are used in differential mode, that is measuring relative to a reference gas (referred to as Working Tank, WT1), it was critical that the pressure difference between sample and reference lines was kept constant at all times. To achieve this, the WT1 pressure was set using a pressure regulator (Scott Specialty Gases, model 51-14C) and the pressure in the sample line was adjusted to match that of WT1 using an inline solenoid valve (MKS, model 248A). The differential pressure was measured using a transducer (MKS, Baratron 223BD) and was fed into a control unit (MKS, 250B) and used to adjust the solenoid valve in the sample line (see Fig. 1 ). With this set-up, the differential pressure could be controlled so that the changes were less than 0.01 mbar (equivalent to 0.001%) over a 60-min interval. The solenoid valves (V4 and V5) on either side of the transducer were used to protect it from accidental over pressure and were activated automatically if the differential pressure exceeded 20 mbar.
We chose to place the Oxzilla and LICOR analysers in series to avoid the problems of fractionation associated with 'T'-junctions. Immediately upstream of the Oxzilla, we used two three-way valves (V3, Numatech model, TM-101-V-12C1) in combination to make one four-way valve to switch between WT1 and sample air, so in effect, switching which Oxzilla cell was acting as the reference cell and which was acting as the sample cell, following the method of Stephens et al. (2007) . This switching was made continuously every 120 s during all measurements to eliminate any bias arising from small differences in cell sensitivity (see Section 2.3 for more details on how this was accounted for). The switching interval was determined by the time needed for the measurement to restabilize after each switch and was partly dependent on the time needed for a stable pressure to be reached. For future measurements, the response time might be improved by trying to equalize the pressure restriction on both sides after the switching valve, V3.
The gas handling system and analysers were interfaced using a desktop computer. We used hardware from National Instruments to sample both the LICOR and Oxzilla outputs at a frequency of 10 Hz using a data acquisition board, which was also used as an analogue to digital converter (NI model, PCI-6033E) in conjunction with a terminal board (NI model, SCB100). To interface the hardware we wrote a customized programme for controlling the gas handling system and for recording and processing data using LabVIEW, a graphical based programming language. With the described set-up, the system could be run automatically and only required attendance about once per week to defrost the stainless steel traps, which block with ice, or in case of instrumental malfunction.
There were a number of additional considerations for the installation onboard a ship; these included the ship's motion and vibration. The equipment was installed in racks that were tightly secured to the deck, and although pitching and rolling did not affect the instrumentation, vibration in the deck increased the analyser noise. This problem was minimized by insulating the racks from the deck using rubber mats (of approximately 20 mm thickness). Fig. 2 . An example of the Oxzilla output showing the difference in delta while switching the cell acting as the reference cell and the cell acting as the sample cell at a frequency of 2 min. The data shown are the Oxzilla output (using the Oxzilla's own internal averaging) at a frequency of approximately 6-s (Oxzilla output has resolution limited to 0.0001%). These data were collected onboard Tangaroa.
Tellus (2007)
O 2 calculations and calibration
To calculate the O 2 concentration, we needed to correct for the baseline drifts of the two cells. This was achieved by measuring the change in the differential signal as the cell acting as the reference cell and the cell acting as the sample cell were switched. This change in the differential signal is referred to as ( ), and is proportional to the difference between the sample and reference concentrations (in units of O 2 %):
where (A − WT) is the difference between sample air and Working Tank 1, and the subscripts denote sample cell (s) or reference cell (r) (see Fig. 2 ). For the values of A and WT, we use the average of the last 20 s of the 120-s measurement and discard the first 100 s after switching while a stable value is still being reached. If the sensitivity of both cells were exactly the same then m would equal 2. The actual value of m is determined by a daily calibration and in reality has a value close to 2. Figure 2 shows an example of the Oxzilla signal with this switching visible as a wave with an amplitude equivalent to approximately twice the difference in concentration between the reference and sample gases. Both the LICOR and Oxzilla were calibrated initially using a suite of 4 and 3 calibration gases, respectively. From this calibration, the LICOR and the Oxzilla were found to both have a linear response (r 2 = 0.9998 and 0.998, respectively) within the range of 340-390 ppm for CO 2 , and −400 to −200 per meg for O 2 , which covered the range of ambient variations expected. During the ship voyages, the calibrations were made using only 2 gases owing to a shortage of space for cylinders on-board. The gases used were a High Span (HS) with high O 2 and low CO 2 concentrations, and a Low Span (LS) with low O 2 and high CO 2 concentrations, and were calibrated for O 2 against standards at NIWA [which were calibrated originally against Scripps Institution of Oceanography (SIO) standards], and for CO 2 against NOAA-GMD standards. Because thermal fractionation of O 2 to N 2 can also be a problem within cylinders (Keeling et al., 2007) , the calibration gases and WT1 were wrapped in industrial thermal insulation sheets to prevent temperature gradients across the cylinders. In addition, the cylinders were kept horizontally throughout the voyages to further reduce the effects of thermal fractionation (as the vertical temperature gradient from the floor to 1-2 m height is usually greater than the horizontal gradient). Furthermore, having the cylinders horizontal helped to reduce the potential for gravitational separation of O 2 to N 2 , an effect that increases with increasing cylinder pressure (Burton, 1967) .
The O 2 /N 2 ratio, δ(O 2 /N 2 ), of the sample gas was calculated from ( ) as follows:
where (7) is simply a re-arrangement of (6), and in (8) ( ) is converted from % to ppm by multiplying by 10 4 . In (9), XO 2 is the approximate mole fraction of O 2 in air (XO 2 = 0.20946, Machta and Hughes, 1970) and ([CO 2 ] − 363.29) is the CO 2 concentration in the sample gas minus an arbitrary reference CO 2 concentration (ppm) used to correct for the relative amount of CO 2 dilution (for a more thorough explanation of eq. 9 see Keeling et al., 1998) . Between calibrations, which were made daily, a second reference gas (WT2) was measured approximately every 2 h to correct for residual drift in the analyser baselines. An example of a calibration for O 2 and CO 2 is shown in Fig. 3 . All calibration gases were measured for a 20-min period with typical 1σ standard deviations of ±7 per meg O 2 and ±0.1 ppm CO 2 based on the average of the last 6 min of 20-min measurements (that is, the last 3 out of 10 switching cycles). We estimated the longer-term precision in the measurements from the standard deviation of the WT2 over the course of a voyage, that is, over approximately 2 weeks, for O 2 this was ±5 per meg and for CO 2 , ±0.1 ppm.
Results and discussion
The data presented here were collected on two voyages of the National Institute for Water and Atmospheric Research (NIWA) ship, Tangaroa. On each of these voyages, the air inlets were installed at the crow's nest, 65 m in front of the ship's exhaust and 25 m above sea level. Although the air intakes were located fore of the exhaust funnel, it was still necessary to filter the data Tellus (2007) Fig. 3 . An example of a daily calibration run while onboard Tangaroa, showing δ(O 2 /N 2 ) (solid circles) and CO 2 (hollow circles) concentrations. Each of HS, LS and WT2 were analysed for 20 min each. Data are plotted at 2-min frequency representing the ( ) value found for each switch in the cycle. The final value for each gas was taken from the average of the last 6 min of the sample. Air concentrations are shown before the first WT2 and after LS. These data were collected onboard Tangaroa.
occasionally for contamination from the ship's exhaust when the wind speed, relative to the ship, was very low or when the prevailing wind came from across the stern. Occasions of exhaust contamination were identified by large fluctuations in O 2 and CO 2 that were much larger than any possible changes in background concentrations and by the strong negative O 2 to CO 2 correlation with a molar ratio of approximately −1.4 (mol mol -1 )], which is indicative of liquid fossil fuel combustion (Keeling, 1988a ; see also Section 3.2).
February 2003 voyage
We first deployed the Oxzilla and LICOR, with the gas handling system, onboard Tangaroa, on a round trip from Wellington, New Zealand (41.4
• S, 174.9
• E) to the Adelie Coast, Antarctica decrease in CO 2 of 1.3 ppm. After the data record was resumed at 54
• S, high δ(O 2 /N 2 ) and low CO 2 were still observed, but with variability on an hourly timescale. South of 57
gradually declined while CO 2 increased. During this trend, a sudden dip in δ(O 2 /N 2 ) at 61
• S of 35 per meg was observed with a concurrent step increase in CO 2 of 0.8 ppm.
To aid the interpretation of these data, we used the meteorological record collected onboard Tangaroa. In Fig. 6 temperature and pressure plotted against time. At the beginning of the voyage, north of 46
• S, low wind speeds and westerly wind directions were observed (although at the start of the voyage the wind appears to be from the southeast to east in Fig. 6 , this is most likely a very local effect while back trajectories plotted with the HySplit4 (Draxler and Hess, 1998) show the origin of the air to be from the west at this time was higher than that observed north of 46 • S but varied by up to ±10 per meg over 6-hourly intervals. In contrast, CO 2 was relatively stable, changing by less than ±0.25 ppm over the same time intervals. This is not a surprising result as oceanatmosphere CO 2 exchange occurs much slower and equilibration takes in the order of 1 yr compared with 1 week for O 2 (Broecker and Peng, 1974) .
The gradually decreasing δ(O 2 /N 2 ) trend observed from approximately south of 57
• S occurred while strong westerly winds still predominated. The δ(O 2 /N 2 ) trend could be related to the influence of the Antarctic Circumpolar Current (ACC), which has its northern boundary at approximately 59 • S at this longitude (Rintoul et al., 2001) . The region of the ACC characteristically has low biological productivity, and deep mixing that brings O 2 -depleted and CO 2 -rich water to the surface resulting in a net influx of O 2 and efflux of CO 2 (Volk and Hoffert, 1985; Sarmiento et al., 1995) . Deep mixing and subsequent O 2 influx is likely to be the cause of the observed decrease in atmospheric O 2 over the ACC region. At 61
• S, we observed a relatively large, sudden decrease in δ(O 2 /N 2 ) and an increase in CO 2 that coincided with winds speeds of over 20 ms −1 and a change from a low to a high pressure system. We hypothesize that the combination of an atmospheric depression followed by very high wind speeds may be responsible for an ocean upwelling event and the subsequent uptake of O 2 and outgassing of CO 2 seen in our atmospheric data. South of the Southern Front (SF) and south of the ACC, the wind direction changed to easterly and the wind speed temporarily dropped to 5 ms −1 . The small increase in δ(O 2 /N 2 ) and CO 2 observed appears to be the result of a change in sampled air mass, from that over the ACC, to air coming off the Antarctic continent.
April 2004 voyage
Data from our second cruise were collected on a roundtrip voyage of Tangaroa, departing Wellington, New Zealand on 17 April 2004 to an oceanographic mooring site at 56.7
• S, 174.7 a series of positive excursions in δ(O 2 /N 2 ) (see Fig. 7 ). Interestingly, the last excursion between 52
• S and 48
• S occurred with a concurrent increase in CO 2 . North of 47
rapidly again and was negatively correlated with an increase in CO 2 .
As with the February 2003 data, we have used the meteorological record from Tangaroa to aid the interpretation of the results (Fig. 8) . At the start of the voyage, south to easterly winds were experienced but once the ship reached the open ocean south of 49
• S, the wind direction changed to predominantly westerly. This change coincided with an increase in δ(O 2 /N 2 ) and decrease in CO 2 and is most likely associated with the change in sampled air mass from that measured near the South Island, and therefore containing terrestrial and anthropogenic influence, to that from the open ocean. The westerly winds prevailed throughout most of the remaining voyage until 27 April, at 48
• S, when it changed back to easterly. However, from the meteorological data, there is no clear explanation for why such high δ(O 2 /N 2 ) was observed between 55 • S and 47
• S. Therefore, to help find the origin of this signal, we used a trajectory model (HySplit4) (Draxler and Hess, 1998) . We used 72-h back-calculated trajectories at approximately 6-hourly intervals from the ship's position throughout the voyage. We chose to show only those trajectories covering the period just before the high δ(O 2 /N 2 ) excursion to just afterwards, that is, starting from 0900h on 25 April and ending at 1900 h on 28 April (see Fig. 9 ). From 25 April to early on 26 April, the trajectories show air masses being transported across the open ocean south of New Zealand, as was the case for the entire duration of the southbound leg. However, as Tangaroa proceeded further north, to 53
• S, the trajectories indicate that the sampled air masses were following a path closer to the coast, coinciding with the observations of high δ(O 2 /N 2 ). North of 50 • S, the trajectory path changed again transporting air south from the east coast of the South Island, consistent with the change in wind direction seen in the shipboard meteorology, and high δ(O 2 /N 2 ) was still observed. Late on 27 April, the trajectory path changed further, bringing air from off the South Island and coincided with the fall in δ(O 2 /N 2 ). Although not shown here, the heights of the trajectories throughout this time were below 400 m, that is, within the marine boundary layer, and hence those trajectories over the ocean should be largely representative of the local air-sea gas exchanges. We propose that the high δ(O 2 /N 2 ) signal is caused by biologically driven O 2 outgassing in the regions east of the South Island, over the Chatham Rise, as well as south of the South Island, over the Campbell Plateau (see Fig. 4 along the southeastern coast and across the Chatham Rise (Boyd et al., 1999; Chiswell, 2001 ).
To test this supposition, we estimate the O 2 flux, and subsequently the change in O 2 concentration in the surface layer, that would be needed to produce the observed atmospheric O 2 signal. This calculation computes the flux into a moving air mass allowing for the degree of vertical mixing that would occur over the time of the computation. The flux into a well-mixed moving column of air is defined in eq. (10) and is based on the formulation of Jacob (1999) :
where F is the ocean-atmosphere flux of the species, C is the change in its atmospheric concentration, L is the wind fetch, u is the wind speed and h is the vertical mixing height. For these calculations, we used a wind fetch of 1000 km, a vertical mixing height of 400 m and the mean observed wind speed of 12 ms −1 as measured by Tangaroa for 26 to 27 April. The factor, t, is the time taken for C to reach 1/e of its initial value due to atmospheric mixing; here we used t = 12 h. (using the formulation of gas exchange velocity of Wanninkhof, 1992) . Although no measurements of dissolved O 2 concentration are available for the subtropical convergence zone around New Zealand at this time, our calculated change in O 2 is compatible with measurements of O 2 production in phytoplankton blooms. For example, a study in the Ross Sea by Bender et al. (2000) , found O 2 in the surface layer to change at a rate of up to 17 μmolL −1 per day as a result of gross primary production. (Severinghaus, 1995) and more negative ratios are indicative of fossil fuel burning [up to about −2.0 for combustion of CH 4 and about −1.4 for the global average of fossil fuels (Keeling, 1988a; Marland et al., 2000; )] . We calculated O 2 :CO 2 for the voyage and found that this ratio changed significantly for different regions. At the start of the southbound leg, when low δ(O 2 /N 2 ) and high CO 2 were observed, O 2 :CO 2 = −0.9 (R 2 = 0.7). Although this ratio is less negative than the −1.1 normally quoted for terrestrial exchanges (Severinghaus, 1995) it is within the range of recent measurements of this ratio for terrestrial ecosystems, from −1.0 (Stephens et al., 2007) and −0.7 (Seibt et al. 2004) . Furthermore, back trajectories calculated for this time (not shown) indicate that this air was in contact with the middle of the South Island. South of 49
• S, O 2 :CO 2 = 5.3 (R 2 = 0.2), the positive ratio indicating that heat flux was probably an important driver of ocean-atmosphere exchange, as it drives flux in the same direction for both gases. However, on the northbound leg, and during the period of high δ(O 2 /N 2 ), there was no significant correlation of O 2 with CO 2 . We propose that this result is due to biological production, which was driving O 2 outgassing and CO 2 uptake, in combination with heat driven O 2 and CO 2 exchange, which was driving O 2 and CO 2 in the same direction.
Comparisons with observations from the SIO flask-sampling network and Baring Head Station
Spatial gradients in APO can be used to derive spatial patterns in air-sea O 2 and CO 2 fluxes (e.g. Stephens et al., 1998; Battle et al., 2006) . However, there is considerable uncertainty in the APO gradient from the mid-to high-southern latitudes (Stephens et al., 1998) owing to the paucity of data available. Currently there are only seven flask-sampling stations, and one continuous station measuring atmospheric O 2 in the Southern Hemisphere. The ship-based observations of Battle et al. (2006) extend only to 30
• S and prior to this study there had been only one set of measurements in the Southern Ocean, across the Drake Passage (Stephens et al., 2003) .
To examine how our observations compared with APO gradients observed from the existing station measurements, we plotted APO from our shipboard measurements and APO from monthly averages of flask samples in the SIO network (R. Keeling, personal communication, 2004) and monthly averages of continuous measurements at the NIWA atmospheric station (G. Brailsford, personal communication, 2004) , Baring Head (BHD) near Wellington, New Zealand (Fig. 10) . One striking Tellus (2007) feature shown in Fig. 10a , is the much higher APO at BHD and from our shipboard measurements compared with the SIO stations in February 2003. Although we cannot exclude the possibility that part of this difference may be due to a calibration offset, later inter-comparisons between SIO and NIWA (in December 2004) suggest that any potential offset is less than 10 per meg and therefore would only explain about one third of the difference. The remainder may be in fact due to differences in atmospheric transport; while BHD and CGO lie at similar latitudes, at BHD 'clean-air' is received from the south to southwest, so is more representative of the western Pacific sector of the Southern Ocean, whereas at CGO 'clean-air' is received from the west and is more representative of the Indian Ocean region. This difference has been suggested to contribute considerably to differences in concentration observed between the two stations (Manning, 2001) . In addition, it should be noted that BHD measures O 2 continuously whereas the monthly averages from SIO network stations are taken from biweekly flask samples and therefore may be susceptible to synoptic variations and not representative of the month as a whole.
Not surprisingly, APO data from the shipboard measurements are closer to that of BHD, since both were sampling air from largely the same region. However, what the measurements made along the ship transect show, that is for both the February 2003 and April 2004 voyages, is an APO maximum centred on 50
• S and a decreasing APO trend to the south of this maximum. Although this maximum was not observed on the southbound leg of the April 2004 voyage, owing to the meteorological conditions, this feature is likely to be a result of biologically driven O 2 fluxes in the biologically productive regions of the Chatham Rise and Campbell Plateau (see Fig. 4 ).
Summary
We have presented a method for achieving high precision measurements of atmospheric O 2 using a commercially available fuel cell-based instrument, Oxzilla FC-II. With rigorous gas handling, we are able to achieve precision for O 2 of 7 per meg, and for CO 2 of 0.1 ppm (using a LICOR 6252), over a 6-min averaging interval. This is sufficient to determine the small changes in background O 2 and CO 2 concentrations expected over the ocean. We deployed this system on the research ship, Tangaroa, on two voyages in the western Pacific sector of the Southern Ocean. These data show significant short-term variability, in the order of ±10 per meg in February 2003, and ±5 per meg in April 2004 over 6-h intervals. In addition, our continuous ship-based measurements showed considerable spatial variability, which is not apparent in the SIO network observations owing to the paucity of stations. Most notably, we observed an APO maximum centred about 50 • S, which on the northbound leg of the April voyage appears to be the result of biologically driven outgassing in the regions of the Chatham Rise and the Campbell Plateau, and on both voyages we found a decreasing APO trend southwards from 50 • S that was also not captured by the station network observations.
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